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Abstract
In this study, the effect of strontium addition on hot deformation of AZ61 alloy was investigated by hot compression tests. A reference alloy
(AZ61) and an Sr-containing alloy (AZ61 + Sr) was cast while their average initial grain size were supposed to be about 140 and 40 µm,
respectively. In AZ61 + Sr alloy, the Sr-containing precipitations were stable at homogenization temperature. Analysing the hot compression
curves, it was revealed that dynamic recrystallization phenomenon had occurred and controlled the thermomechanical behaviour of the alloys. The
derived constitutive equations showed that the hot deformation parameters (n and Q) in AZ61 + Sr alloy is smaller than those of AZ61 alloy; this
can be related to the small initial grain size and the lower amounts of solute aluminium atoms. The analysis of DRX kinetics along with the
micrographs of the deformed microstructures showed that at the same condition the development of DRXed microstructure inAZ61 + Sr alloy was
faster than AZ61 alloy. The increased recrystallized microstructure was interpretated to be attributed to (1) the more grain boundaries present and
(2) the existance of the Al-Mg-Sr precipitations assisted the PSN mechanism. Also, the attenuated intensity of the basal texture of AZ61 + Sr was
related to the DRX fraction of microstructure.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Magnesium with low density (1.74 gr/cm3) as well as high
specific strength has been considered as a promising substitu-
tion for most engineering alloys. In fact, using magnesium
alloys causes weight reduction and as a consequence reduction
in fuel and energy consumption [1]. Therefore, investigations
on these alloys currently are considered by various research
groups around the world. Despite the promising properties,
most magnesium alloys have low formability, and this limited
their uses in the automotive, transportation and aerospace
industries.
The low cold deformation of magnesium alloys is related
to their single slip system; the basal system. By increasing
temperature, other slip systems, pyramidal and prismatic, are
activated and the critical resolved shear stress of basal system
decreases [2]. As a result, the workability is improved. On the
other hand, deformation at high temperatures is usually accom-
panied by dynamic recrystallization (DRX). This phenomenon
causes nucleation of some fine recrystallized grains to form,
and through this decreases the required deformation stress in
termomechanical treatment results in the enhancement of form-
ability of magnesium alloys. On the other hand, the fine grains
improve the strength and the elongation of magnesium alloys.
For a proper hot deformation in magnesium alloys, the hot
work processing must be controlled by temperature and strain
rate parameters, which can be expressed by Zener–Hollomon
parameter [3]. Also, the evaluations of hot deformation at
various conditions are expressed by Avarami equation [4].
Other parameters including the grain size [5,6], path of strain
[5], initial texture [7], homogenization treatment [8] and pre-
cipitation [9] can also affect the hot deformation.
The effects of different element additions on magnesium
alloys and their workability have been studied. According to the
investigation [10], calcium addition can reduce the initial grain
* Corresponding author. School of Metallurgy and Materials Engineering,
Iranian University of Science and Technology, Tehran, Iran. Tel.: +98
9156592185.
E-mail address: s_aliakbarisani@metaleng.iust.ac.ir (S. Aliakbari Sani).
http://dx.doi.org/10.1016/j.jma.2016.05.001
2213-9567/© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Available online at www.sciencedirect.com
Journal of Magnesium and Alloys 4 (2016) 104–114
www.elsevier.com/journals/journal-of-magnesium-and-alloys/2213-9567
H O S T E D  BY
ScienceDirect
size, improve mechanical properties and weaken the basal
texture. Suresh et al. [11] investigated the effect of Ca-additives
on hot deformation of AZ31 alloy with a processing map. They
found that activation energy of hot working is increased
and the safe formability region is increased by increase in
calcium content of the alloy. It was related to the presence of
Ca-precipitates in AZ31 + Ca alloy. Zarandi et al. [12] showed
that Mn-additives can reduce the recrystallized grain size after
thermomechanical treatment. Standford and Barnett [13]
expressed that a trace of the rare metals (Gd and La) in mag-
nesium alloys could improve the elongation. The approach in
RE-containing magnesium alloys is confirmed by other inves-
tigations [14,15].
Regarding this, it is believed that the strontium-modified
magnesium alloys provide good formability and mechanical
properties. Strontium (Sr), a cheap and light alkaline earth
metal, can assist in reducing grain size [16], the presence of the
Sr-containing precipitations [17] and weakening the deforma-
tion texture [18]. However, the high level presence of strontium
can lower the ductility and the workability of the Sr-containing
alloys and their good behaviours deteriorated with the forma-
tion of large precipitations [17]. On the other hand, with the
attendance of strontium the critical and peak points in hot flow
curves are decreased and the amount of recrystallized structure
in the Sr-containing alloy is increased. In other words, in
Sr-containing alloys the onset of DRX phenomenon takes place
earlier and its propagation is more rapid [19]. Until now, there
are no systematic approaches to study the strontium effects on
hot deformation of magnesium alloys. The aim of the present
work is to study the potential effects of strontium additions on
hot deformation behaviour and DRX kinetics of theAZ61 alloy.
To do this, thermomechanical treatment of a reference alloy
(AZ61) and an Sr-containing (AZ61 + Sr) alloy is carried out
by hot compression tests.
2. Experimental procedures
AZ61 and AZ61 + Sr alloys were prepared and melted by an
electrical furnace equipped with SF6-Ar mixed dynamic atmo-
sphere and the melt was cast into a preheated (~300 °C) cylin-
drical steel mold. High purity Mg, Zn and Sr elements and
Mg-Al master alloy (60 wt% Mg–40 wt% Al) were used to
prepare the alloys. The cast billets were homogenized through a
two-stage heat treatment. In order to avoid liquefying the low
melting point eutectic phases and produce porosity defects, the
first stage has been carried out at 270 °C for 2 hours [8], and in
the second stage the alloys were held at 415 °C for 46 hours.
The cylindrical samples with 8 mm diameter and 12 mm
height, according to ASTM-E209, were machined from the
homogenized alloys using wire cut discharge machine.A Zwick
Roell Z250 testing machine equipped with a computerized
control furnace was used to perform the hot compression tests
in a temperature range of 250–450 °C and in strain rates of
0.001–1 s−1. The samples were coated with Teflon tape and
subsequently held at the test temperature for 5 min prior to hot
deformation. The deformed samples were quenched immedi-
ately, less than 3 seconds, to record the hot worked microstruc-
ture. Optical microscopy and scanning electron microscopy
(SEM) equipped with energy dispersive spectroscopy (EDS)
were employed to examine the microstructures, after mechani-
cal polishing and etching in Picric acid solution. The overall
texture of deformed samples was measured in the section per-
pendicular to the axial force using Rigaku X-ray diffractometer
with Cu-Kα radiation at 40 KV and 40 mI.
3. Results and discussion
3.1. Initial microstructure
The chemical composition of the two as-cast alloys is presented
in Table 1.The microstructures ofAZ61 andAZ61 + Sr cast alloys
with an average grain size of 140 and 40 µm, respectively, are
shown in Fig. 1. It can be seen that the grains of the Sr-containing
alloy are significantly smaller than those of the reference alloy
(AZ61). This may be related to the effect of precipitations of
strontium on growth of grains during solidification [20].
The microstructures of the Sr-containing alloy at different
conditions are illustrated in Fig. 2. As can be seen in the as-cast
micrograph of AZ61 + Sr, primary and eutectic β(Mg17 Al12), an
Table 1
Alloying composition of the investigated alloys.
Nominal alloy Al Zn Mn Sr Fe Mg
AZ61 5.8 0.95 0.15 – 0.007 Bal.
AZ61 + Sr 6.1 0.92 0.12 0.33 0.012 Bal.
Fig. 1. As-cast microstructure of the alloys (a) AZ61 and (b) AZ61 + Sr.
105S. Aliakbari Sani et al. / Journal of Magnesium and Alloys 4 (2016) 104–114
intermetallic phase, are distributed both along the grain boundaries
and within the grains. Also, some of the Sr-containing precipitates
with needle-like morphologies appeared in the microstructure.
Caused by the high atomic number of strontium, the Sr-containing
precipitates have better brightness compared to β phases (Fig. 2b).
The presence of these Sr-containing precipitates at grain
boundaries proves that the formation of these intermetallic
compounds had occurred in the last stages of solidification [21].
During solidification, strontium atoms, which are not solvable in
α-Mg, are segregated back to the front of the liquid–solid
interface. The congregated strontium in the interface can bring a
constitutional super-cooling hindering the crystal growth and
refining the structure. When the amount of strontium is smaller
than the solid solubility limit in magnesium (0.11% wt [22]), the
grain size is controlled by growth restriction factor (GRF), and
above the solid solubility limit, formation of precipitations causes
the grain growth to be hindered by distributing on interface [21].
As shown in Fig. 2c, after homogenization treatment
at 415 °C, the microstructure is contained with distributed
Sr-containing precipitates, and β phases are dissolved in matrix.
According to the binary diagram of Mg-Al at 415 °C and in 6
wt. % Al, the α-Mg is the only stable phase. It was found that
by applying sufficient time and temperature in homogenization
treatment, it is possible to completely dissolve the β phases in
the matrix. However, a much higher thermal stability of these
precipitates was outlined by the Mg-Al-Sr precipitations in
homogenized sample.
3.2. Flow curves
Fig. 3 shows the true stress–true strain curves of the studied
materials at 250 °C, 350 °C and 450 °C temperatures, and at
strain rates of 0.001 s−1 and 0.1 s−1. As can be seen, the stress
initially increases up to a peak point (corresponding to σp and
Fig. 2. The microstructure of AZ61 + Sr at (a) and (b) as-cast conditions with two magnifications, (c) homogenized condition and d) EDS analysis of Al-Mg-Sr
precipitate.
Fig. 3. The stress–strain curves of AZ61 and AZ61 + Sr alloys at strain rates of (a) 0.001 s−1 and (b) 0.1 s−1.
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εp) with strain and then decreases. This behaviour may be attrib-
uted to dynamic recrystallization (DRX) phenomenon [3,23].
As expected, the flow stress clearly declines with increasing
temperature or decreasing strain rate. In fact, increasing tem-
perature causes decreasing in the critical resolved shear stress
(CRSS) of basal system, and activating prismatic and pyramidal
slip ones [2]. Moreover, the formation of new grains nuclei
becomes easier and the mobility of grain boundaries becomes
faster at higher temperatures, thereby the rate of restoration
mechanisms is raised.
The peak stress of the two alloys is shown in Fig. 4. As can
be seen, at all of the working conditions, the peak stress of
AZ61 + Sr alloy is lower than that of AZ61. In other words, in
comparison with the reference alloy, hot working of the
Sr-containing alloy is rather easier thanAZ61 alloy. This finding
is possibly related to the addition of strontium, the details of
which is discussed in the following sections.
3.3. Constitutive analysis
A hyperbolic sine equation (Eq. 1) usually used for the
relationship between the deformation conditions and stress, the
effects of strain rate and temperature on the flow stress can be
expressed by Zener–Hollomon parameter [24]. This parameter
incorporated with the hyperbolic sine function is shown in Eq.
(2).
ε ασ= ( )[ ] −( )A Q RTnsinh exp (1)
Z Q RT A n= ( ) = ( )[ ]ε ασexp sinh (2)
where A (s−1), α (stress multiplier) (MPa−1) and R (gas con-
stant) (8.314 j/mol K) are constant, and Z is Zener–Hollomon
parameter. The n and Q are stress exponent and activation
energy, respectively, which are important physical parameters
as they are indicators of deformation difficulty in the theory of
deformation. The value of α can be deduced from power law
( ε σ= A n1 1) and exponential law ( ε βσ= ( )A2 exp ) equations
[25]. By taking natural logarithms of both sides of Eq. (1), one
can rewrite it as:
Ln nLn LnA Q RTε ασ= ( )[ ]+ − ( )sinh (3)
According to Eq. (3), the value of n can be derived from
averaged slopes of the lines in the plots of Ln ε versus
Ln sinh ασ( )[ ] at constant temperature (Eq. 4). Also, the value
of Q can be calculated from nLn sinh ασ( )[ ] versus 1000 RT
plots at constant strain rate (Eq. 5).
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To the peak point, constitutive equations were
extracted. In this point, the values of stress multiplier (α) of
AZ61 and AZ61 + Sr alloys were equal to 0.012 MPa−1 and
0.014 MPa−1, respectively. For both alloys, the variation of
Ln Ln pε ασ− ( )[ ]sinh at different temperatures are shown in
Fig. 5. The n-values of AZ61 and AZ61 + Sr were 7.1 and 5.3
respectively. In addition, the relations between nLn sinh ασ( )[ ]
and inverse of temperature are shown in Fig. 6. The Q-values of
AZ61 and AZ61 + Sr were respectively 218 KJ/mol and
197 KJ/mol as well. The α, n and Q-values of the two alloys
at different strains are listed in Table 2, and Table 3 lists
hot working parameters of various magnesium alloys (AZ
series).
Based on α-values presented for both alloys, the stress mul-
tipliers at different strains were in the range of 0.011–0.015.
Comparison between α-value of AZ series alloys from Table 3
and values in recent research suggests that all as-cast AZ series
magnesium alloys are of similar α-values. Being n-values of the
two alloys in 4.9–7.1 intervals suggests that a climb-controlled
dislocation creep is possibly the main mechanism of hot
working in these alloys [26]. According to Table 3, closely
checking the n-values of more alloys demonstrates that this hot
working mechanism is also possible in other alloys. Further-
more, activation energies for both alloys at different strains are
shown in Table 2. These values of activation energy are much
larger than the values for self diffusion of Mg (135 KJ/mol)
[27] and for diffusion of Al atoms in Mg (143 KJ/mol) [27].
Also, the Q-values of the current alloys are larger than the
Q-values of other AZ series Mg-alloys (Table 3).
Fig. 4. Relationship between peak stress and hot deformation temperature of AZ61 and AZ61 + Sr alloys at strain rates of (a) 0.001 s−1 and (b) 0.1 s−1.
107S. Aliakbari Sani et al. / Journal of Magnesium and Alloys 4 (2016) 104–114
With respect to n and Q values at different strains, it is
recognized that hot working parameters of AZ61 alloy are
larger than those of AZ61 + Sr alloy. As shown previously, the
Al-Mg-Sr precipitations are stable in the microstructure of
AZ61 + Sr alloy, so these intermetallic compounds can act as
effective barriers opposing the dislocation motions and causing
hot working parameters of the Sr-containing alloy to be larger
than those of the reference alloy. As given in reference 28,
increasing the aluminium content leads to the creation of
primary β(Mg17Al12) particles and dynamically produced β
precipitations, which play an important role in reducing the
mobility of dislocations and thereby increasing the Q-value.
Mwembela et al. [29] have shown that by increasing the Mn
content of AZ31 alloy, the Q-value increases. Due to the pres-
ence of stable particles in the matrix of Mg-3Sn-1Ca cast alloy,
the activation energy increases too [30].
The small grain size of the Sr-containing alloy is translated
to more grain boundaries, a characteristic which may have an
effect on hot working parameters. Indeed, the grain boundaries
are susceptible nucleation sites during thermomechanical treat-
ment. For this reason, the hot deformation in AZ61 + Sr alloy
performed better and hot working parameters are relatively
lower than those of AZ61. By attention to Table 3 and compari-
son of wrought alloys with cast alloys, the former contains
smaller grains and n and Q-values of the latter are almost
higher. Poletti et al. [31] showed that by decreasing grain size,
the n-value was decreased.
The amount of solute atoms in matrix influenced hot
working parameters. The increase of solute aluminium atoms in
matrix caused dislocation motions and thus deformation to be
more difficult. In particular, the Q-values in AZ31 [32], AZ61
[33] and AZ80 [28] alloys were reported to be about 133, 151
and 181 KJ/mol, respectively. In both studied alloys, aluminium
atoms were released by dissolving Mg17Al12 precipitates and
their steady diffusion from near the grain boundaries into
the matrix. But the amount of aluminium that exists in the
Al-Mg-Sr phase did not dissolve and were stable. In fact, the
quantity of aluminium atoms in matrix in AZ61 alloy was
higher than that of AZ61 + Sr alloy. This may result in the
Q-value of the Sr-containing alloy to be higher compared with
the reference alloy. Among the three influencing factors,
namely (1) precipitations, (2) grain size and (3) solved alu-
minium, which affected the hot working parameters (n, Q), it
was found that in the current research the last two factors, i.e.
grain size and solved aluminium, were more effective relative to
the secondary phases. As discussed deeply in the following, the
Sr-containing precipitates are able to increase formability fo
AZ61 + Sr alloy through their susceptibility for dynamic
recrystallization.
From Fig. 7a and b one can find that for the both current
alloys, LnZ and Ln psinh ασ( )[ ] are interdependent. The corre-
lation coefficient (R) of AZ61 and AZ61 + Sr alloys are calcu-
lated to be 0.975 and 0.985, respectively. It can be concluded
that constitutive equation is given by:
Fig. 5. The variation of Ln ε as a function of Ln psinh ασ( )[ ] in (a) AZ61 alloy and (b) AZ61 + Sr alloy.
Fig. 6. The variation of nLn psinh ασ( )[ ] as a function of 1000 RT in (a) AZ61 alloy and (b) AZ61 + Sr alloy.
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for AZ61 + Sr one.
3.4. Microstructural evolutions and kinetics of DRX
The microstructures of AZ61 and AZ61 + Sr alloys at strain
of 0.6, strain rate of 0.001 s−1 and temperatures of 250 °C,
350 °C and 400 °C are shown in Fig. 8. In the micrograph taken
at the magnification of 250 °C fromAZ61 alloy (Fig. 8a), it can
be seen in the microstructure that the large initial grains are
contained with many twins and voids. In this condition, volume
dynamic recrystallization is low and the size of newly recrys-
tallized grains are very small [25,34]. Upon the same condition
applied on AZ61 + Sr alloy, the amount of the twins and
unstable deformations observable in the microstructure was
reduced (Fig. 8b). There exists a more appropriate condition for
dislocation slipping and grain rotation in fine grain alloy
(AZ61 + Sr) resulting in less activation of twins during defor-
mation [5,6]. In other words, by decreasing the initial grain size,
the mounts of twins decreased.
Increasing temperature up to 350 °C, it was found that in the
case of AZ61 alloy, the amount of dynamic recrystallization
was increased, resulting in coarsening of DRX grains. Initial
grains were still observable in the microstructure (Fig. 8c). The
DRXed grains nucleated on the original grain boundaries
showing the necklace structure [35,36]. By increasing the tem-
perature to 450 °C, the size and the volume of recrystallized
grains increased too (Fig. 8e). The same story happened in
AZ61 + Sr alloy (Fig. 8d, f). The DRX grain size of both studied
alloys is similar, but the fraction of DRX in AZ61 + Sr alloy is
higher than that in the reference alloy. This significant differ-
ence between microstructure of the alloys can be related to their
initial grain size.
The volume fraction of DRX can be expressed using an
Avarami equation. The Avarami equation is often used to
describe the fraction of recrystallized DRX as a function of
deformation time, viz:
X ktDRX n= − −( )−1 exp (8)
where, k and n are the material constants. The above equation
can be rewritten as followw [37]:
XDRX
p
p s
p
s p
n
=
−
−
= − −
−( )
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⎛
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⎞
⎠⎟
⎡
⎣
⎢⎢
⎤
⎦
⎥⎥
σ σ
σ σ
ε ε
ε ε
1 0 693 2exp . (9)
where the subscripts “s” and “p” refer to steady state and peak
points, respectively. Only in certain conditions, presented
in Table 4, stress has reached steady state. By plotting
LnLn XDRX1 1−( )( ) against Ln p p s2 ε ε ε ε−( )( −( ), the average
of the n was calculated and n-values (Avarami’s exponent)
of AZ61 and AZ61 + Sr were derived to be 1.52 and 1.46,
respectively.
Table 2
The α, n and Q values of AZ61 and AZ61 + Sr at different strains.
Parameter Alloy Strain
0.2 0.3 0.4 0.5 Peak
α AZ61 0.011 0.012 0.013 0.014 0.012
AZ61 + Sr 0.014 0.013 0.015 0.016 0.014
n AZ61 6.8 6.2 5.9 6 7.1
AZ61 + Sr 4.9 5.1 5.1 5.7 5.3
Q AZ61 305 201 189 193 218
AZ61 + Sr 186 189 181 179 197
Table 3
The hot deformation parameters of the several AZ series Mg alloys.
Alloy Initial condition Strain α n Q Ref
1 AZ31 Hot rolled Peak 0.01 5 164 [27]
2 AZ31 Cast Peak 0.0126 8.36 204 [41]
3 AZ31 Cast-fine grain Peak – 6.2 147 [31]
4 AZ31 Cast-coarse grain Peak – 5.2 147 [31]
5 AZ61 As-extruder 0.6 0.001 5.5 133 [42]
6 AZ61 Cast Peak 0.01 5.99 166 [43]
7 AZ61 Cast Peak 0.02 4.4 181 [33]
8 AZ61 Cast + Hom Peak 0.02 4.6 151 [33]
9 AZ70 Cast Peak – – 166 [44]
10 AZ80 Cast + Hom Peak – 6.9 154 [45]
11 AZ81 Cast 0.1 0.011 6.8 181 [28]
12 AZ91 Cast Peak 0.013 5.64 176 [25]
Fig. 7. The Avarami plot of LnZ against Ln psinh ασ( )[ ] for (a) AZ61 alloy and (b) AZ61 + Sr alloy.
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The volume fractions of DRX in the alloys investigated at
constant strain rate (0.001 s−1 and 0.01 s−1) and constant tem-
perature (400 °C) are shown in Fig. 9. The S-shape kinetic
curves of DRX showed that the fraction of DRX in the micro-
structure is increased by increasing temperature or decreasing
strain rate. In fact, a higher temperature may assist in the accel-
eration of DRX activation mechanisms. Also, decreasing the
strain rate or equivalently increasing deformation time can
cause further development of restoration phenomena, thus
causing a higher fraction of the recrystallized microstructure
[4,38].
Comparing the two alloys, an enhancement in volume frac-
tion of DRX was sensed in case of AZ61 + Sr alloy. For
example, at strain of 0.3 and temperature of 450 °C and in strain
rate of 0.001 s−1, the recrystallization fractions of AZ61 + Sr
and AZ61 alloys were 0.95 and 0.55, respectively. It is thus
deductible that DRX progressed more rapidly and in increased
acceleration in AZ61 + Sr alloy rather than in AZ61 alloy.
Fig. 8. The microstructure of the present alloys at strain of 0.6, strain rate of 0.001 s−1 and different temperatures (a, b) 250 °C, (c, d) 350 °C and (e, f) 450 °C.
Table 4
The conditions to provide steady state stress in AZ61 and AZ61 + Sr alloys.
Strain rate (s−1) 0.001 0.01 0.1 1
Temp. (°C) AZ61 AZ61 + Sr AZ61 AZ61 + Sr AZ61 AZ61 + Sr AZ61 AZ61 + Sr
250 97.56 96.4 – – – – – –
300 64.9 55.4 – 75.8 – – – –
350 46.4 40.2 58.8 51.1 – – – –
400 29.1 24.6 42.3 35.1 53.1 50.9 – –
450 22.9 15.2 28.2 25.4 43.3 38.4 – 52.2
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This can be related to the initial grain size of the investigated
alloys. Comparing the as-casted microstructures (Fig. 1), the
initial grain size ofAZ61 + Sr alloy is smaller and consequently
it has more grain boundaries. Grain boundaries are considered
in dynamic recrystallization phenomena as efficient nucleation
and growth sites [36]. In AZ61 + Sr alloy with more grain
boundaries, the nucleation sites and thus the number of new
grains are increased. Also, as can be seen in micrographs of the
deformed alloys (Fig. 8), based on the smaller grain size of
AZ61 + Sr alloy, the growth rate of renewing grains is faster
than that of AZ61 alloy. Also, covering initial microstructure
with recrystallized grains in AZ61 + Sr alloy that occurred
earlier, this recognition at the kinetics of DRX is presented in
Fig. 9.
Fig. 10 shows microstructure of the alloys processed at tem-
perature of 450 °C, strain rate of 0.001 and strain of 0.3. As can
be seen in these micrographs, the dynamic recrystallization has
occurred in both alloys. In case of the low grain size alloy
(AZ61 + Sr), primary grains are replaced by as-recrystallized
grains. Also, the extent of DRXed microstructure in the refer-
ence alloy is significantly higher than that in the large grain size
AZ61 alloy. The large primary grains of the reference alloy are
clearly seen in its microstructure. This difference is of signifi-
cant accordance with the curves of dynamic recrystallization
fraction shown in Fig. 9a.
Dynamic recrystallization and consequently DRX kinetics
of the alloys are prone to effects with the presence of stabilized
Al-Mg-Sr precipitations and the activation of particle stimu-
lated nucleation (PSN). Fig. 11a shows that a new grain
appeared adjacent to the Al-Mg-Sr precipitates and illustrates
that PSN mechanism in AZ61 + Sr alloy occurred during the
hot working process. The mentioned rod-shape precipitates
Fig. 9. The volume fraction of DRX in the investigated alloys at (a) the strain rate of 0.001 s−1 and (b) the temperature of 400 °C.
Fig. 10. The microstructure of the deformed at strain of 0.3, strain rate of 0.001 s−1 and temperatures of 450 °C in (a) AZ61 alloy and (b) AZ61 + Sr alloy.
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Fig. 11. The microstructures of the deformed AZ61 + Sr alloy.
Fig. 12. The pole figures of (0001) planes ofAZ61 andAZ61 + Sr alloys at constant strain rate of 0.001 s−1 and different temperatures (a, b) 350 °C and (c, d) 450 °C.
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with an approximate diameter of 1 µm and length of 5–20 µm
are distributed in homogenized microstructure at random direc-
tions (Fig. 2c). It should be noted that, as a result of hot defor-
mation treatment, these precipitates rotated to be perpendicular
to the applied force (Fig. 11b). Dislocations are accumulated
around the precipitates, thus causing creation of subgrains in
the vicinity of them; subsequently, the rotation of this subgrains
resulted in formation of high angle boundaries and new grains
[36].
The textures of deformed samples at 350 °C and 450 °C are
presented in Fig. 12. In case of both alloys increasing tempera-
ture from 350 °C up to 450 °C, the texture of basal planes is
changed to random condition and also their intensity became
lower. In addition, comparing the present alloys, it was found
that the maximum texture intensity of basal planes of
AZ61 + Sr alloy is weaker than that of AZ61 alloy. The lower
maximum texture intensity in AZ61 + Sr alloy shows that its
recrystallized microstructure is more than that of the reference
alloy. According to literature [36,39], in magnesium alloys the
orientations of new grains are more random when compared to
the deformed initial grains, and basal texture intensities of
recrystallized grains are weaker. Also, it is reported [19,40]
that the weakening of the deformation texture in magnesium
alloys with strontium can be attributed to involving PSN
mechanism along with randomized new grains created near the
Sr-containing precipitations. In this research, it seems that both
the grain size and the precipitations significantly affect the
extent of recrystallized microstructure and consequently the
texture. Indeed, (1) the small initial grain size in AZ61 + Sr
alloy increases the extent of DRXed microstructure with weak
texture of the new grains and (2) the Al-Mg-Sr precipitations
assist in the creation of new grains with random orientations. In
other words, increasing recrystallized fraction may lead to
texture weakening.
4. Conclusion
From the results obtained, the following can be derived:
1 Addition of strontium to AZ61 alloy can potentially
modify its microstructure. The grain size of AZ61 alloy
was reduced from 140 µm to 40 µmin AZ61 + Sr alloy.
2 Strontium can cause formation of stable Al-Mg-Sr pre-
cipitates in the microstructure.
3 The amounts of activation energy (Q) and stress exponent
(n) in AZ61 + Sr alloy are lower than those in AZ61 alloy
at the same strain. This means that hot deformation of the
Sr-containing alloy is more convenient than the reference
alloy.
4 The constitutive equations of the alloys AZ61 and
AZ61 + Sr at the peak point are given as follows:
ε σ= ∗ ( )[ ]
∗
⎛⎝⎜ ⎞⎠⎟1 2 10 0 0117
218350
8 314
616 7 1. sinh . exp
.
.
p T
for AZ 1
ε σ= ∗ ( )[ ]
∗
⎛⎝⎜ ⎞⎠⎟3 2 10 0 0138
197500
8 314
6
14 5 3
. sinh . exp
.
.
p T
for
AZ 1+ Sr
5 Analysis of dynamic recrystallization kinetics, on the basis
of the Avarami equation, showed that the DRX in
AZ61 + Sr is more progressive than the AZ61 alloy. This
difference is related to the small initial grain size in the
Sr-containing alloy that increases grain boundaries and
consequently extension of nucleation and growth of
DRXed grains. Also, the thermally stable Sr-precipitations
assist in the development of recrystallization phenomena
through PSN mechanism.
6 The basal texture intensity in AZ61 + Sr alloy is weaker
than AZ61, and this was attributed to the amounts of the
DRX microstructure of the Sr-containing alloy.
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